ABSTRACT Ovomucin is known to be critical for keeping the high quality and freshness of thick albumen, but there is lack of understanding on the dynamics changes of this important protein during storage. This study aimed to investigate the relationship between ovomucin content and egg freshness during storage. Firstly, the viscoelasticity of albumen was shown to be much higher than that of ovomucin-depleted albumen from rheological analysis results, indicating that ovomucin is an important component in maintaining the natural viscoelasticity of albumen. Then, the ovomucin content determined by ELISA method was compared to albumen pH, Haugh unit (HU), and yolk index in terms of egg white quality and to the time of storage in terms of egg freshness at 4
INTRODUCTION
The chicken egg is a good source of nutrition in the human diet, and it is widely applied in food products because of its excellent functional properties such as beating ability, emulsifiability, and gelling property (Abeyrathne et al., 2013; Nimalaratne and Wu, 2015) . However, the quality of fresh eggs often declines with the storage time prolonged, causing changes in chemistry, function, nutrition, and hygiene. These changes have a negative effect on its edible quality and commodity value (Xing et al., 2016) . With the widening scale and industrialization of laying hens, exploring approaches and methods to evaluate, predict, and to improve the egg quality during storage and processing is crucial for providing public health security (Abdel-Nour et al., 2011) .
Traditionally, eggs are marketed as shell eggs. The complex deterioration of shell eggs during storage often includes thinning of albumen (Omana et al., 2011) , C 2018 Poultry Science Association Inc. Received April 17, 2018. Accepted July 14, 2018. 1 Corresponding author: shanyuanyuan@nwafu.edu.cn 2 The appropriate scientific section for the paper: Processing and Products increase in pH value, vitelline membrane rupture, water content increase in egg yolk and so on (Yuceer and Caner, 2014) . At present, the most commonly used indicators for evaluating the freshness of shell egg is the Haugh unit (HU), being closely related to egg age (Silversides and Villeneuve, 1994; Silversides and Budgell, 2004) , and the height of air cell as well as pH caused by CO 2 volatilization (Phillips et al., 1992) . However, the egg quality is not merely influenced by the number of storage days. There are also many other impact on shell egg quality, such as hen age, storage temperature, relative humidity (RH) and so on. Therefore, the freshness of eggs cannot simply be defined as the age of an egg, and some simple evaluation factors such as weight, pH, and some evaluation indicators like HU cannot really reveal the essence of egg quality changes. Some scholars also try to find new methods on evaluating freshness, for example, furosine and biogenic amine determination, viscosity analysis, and spectrum method (Rossi et al., 2001; Huang et al., 2012; Soltani and Omid, 2015) as well as electronic nose method (Li et al., 2017) . Besides, with the increase consumption in egg products, knowledge of liquid egg quality properties is crucial in food industry, for the reason that liquid egg is the raw material of egg products, and the quality of liquid egg will directly affect many aspects, such as 473 production process, quality assessment and so on.
To evaluate the quality of liquid egg material, several researchers have conducted some research on its functional and rheological features (Singh et al., 2014; Kumbar et al., 2016) . Currently, there is still a lack of accepted indicators used to evaluate the quality of liquid egg system, although there are reports showing that the viscosity and elasticity of liquid egg white during storage would decrease (Kumbár et al., 2015a,b) . How to evaluate these changes is still undefined, and there is also a lack of convincing experimental evidence on the correlation between the viscoelasticity and albumen quality, which limit the application of liquid egg in the food industry.
The albumen (or egg white) thinning, which occurs naturally during storage, is an important and sensitive indicator revealing the deterioration of egg quality. It refers to a decrease in thick albumen and a corresponding increase in thin albumen during egg storage, causing a decrease in viscosity of natural gel albumen. However, there is no unified convincing theory about albumen thinning currently. Ovomucin interacts with other albumen proteins such as lysozyme, ovalbumin, and ovotransferrin to form the ovomucin complex, which is known to be important for maintaining the viscosity and elasticity of the natural albumen gel (Robinson and Monsey, 1972) . The content of lysozyme and ovotransferrin did not have significant changes during storage, while that of ovalbumin decreased after 6 wk (Schafer et al., 1999) . It is clear if storage of the egg might affect the total content of ovomucin, although storage could affect the extractability of insoluble ovomucin (Wang et al., 2012) . Studies on ovomucin changes during storage may be helpful to reveal the rules and mechanisms of albumen quality changes. Meanwhile, compared with some common indicators like HU, the transformation of albumen protein complex are only affected by some internal environmental influences such as pH value and temperature, rather than other factors like the age of the chicken, egg weight, and nutritional status. Changes of albumen proteins can show high reproducibility and low natural variation, and it is a potential method for evaluating the quality of the eggs, especially the quality of liquid albumen. Nevertheless, little is known about the effect of egg storage on total ovomucin content in albumen, and the relationship between total ovomucin content and egg freshness during natural albumen thinning. The aim of this investigation was to evaluate the possibilities of using the ovomucin as an indicator to predict the egg freshness and egg white quality and to establish equivalence egg age prediction model by exponential regression based on the analysis of relevance between ovomucin content and 3 commonly used indicators of freshness (HU, yolk index, and albumen pH value). More specific objective is to provide a new theoretical basis for feasible ways and evaluation of the freshness of shell eggs.
MATERIALS AND METHODS

Materials
Fresh eggs (54 to 62 g per egg) laid within 24 h from HY-LINE VARIETY BROWN (aged 42 to 60 wk) were collected from the local chicken farm (Yangling, Shanxi, China) and used for storage. Ovomucin monoclonal antibody with the titer of 1:10000 was kindly supplied by the Sangon Biotech (Shanghai, China). All other chemicals used in the study were of analytical grade.
Experiment Design
A total of 168 newly laid eggs were randomly divided into 3 groups for experiments. For the first group, 42 fresh eggs were stored at (37 ± 1)
• C and 55% RH for 18 d to determine the variation tendency of the commonly used freshness index, including the viscosity and pH of albumen and yolk index, as well as ovomucin content. For the second group, 49 fresh eggs were stored at (25 ± 1)
• C and 60% RH for 35 d. For the third group, 70 fresh eggs were stored at (4 ± 1)
• C ± 1
• C, RH of 80% for 70 d. For all the 3 groups, 7 eggs were randomly collected and analyzed per 3, 5, and 7 d, respectively. Each experiment was performed in triplicate.
Viscosity and Elasticity Measurement
Egg white from shell eggs during storage was collected after removing chalazae and being stirred for 30 min at 4
• C. Viscosity and elasticity measurements were performed on an AR500 dynamic rheometer (TA Instruments Co. Ltd., Manchester, England). The temperature was set to 25
• C and the shear rate range is 1 s −1 to 700 s −1 . For the frequency scanning experiment, the dynamic viscoelasticity mode was selected, the control strain force was 0.1 Pa, and the scanning frequency range was 0.1 to 100 rad / s.
HU Measurement
Weigh the egg (accurate to 0.0001 g), crack it, and pour it lightly on the horizontal plate of the Haugh device, then use the egg analyzer (EA-01, ORKA, Israel) to measure the height of albumen around the yolk and select 3 points to get an average value. According to the height of albumen and the weight of the egg, HU was calculated automatically according to the following formula: HU = 100 log(h − 1.7w 0.37 + 7.6) where h is the thick albumen height (mm), w is egg weight (g).
Yolk Index Measurement
Take the egg contents to a clean horizontal glass plate and measure the height and diameter of egg yolk with a vernier caliper (accuracy of 0.2 mm).
Yolk index =
Yolk height (mm) Yolk diameter (mm)
Ovomucin Content Determination
ELISA was used to determine ovomucin content. Egg white was dissolved in 50 mmol/L borate buffer (pH 9.6) to a final concentration of 0.5 μLg/mL. Flat-bottomed microtiter plates (Nunc) were coated overnight at 4
• C with 100 μL of these solutions and washed with 10 mmol/L potassium phosphate buffer (pH 7.4) containing 0.5 mol/L NaCl. The plates were blocked with 200 μL of 1 mg/mL bovine serum albumin and incubated for 2 h at 37
• C. After washing with PBS for 3 times, 100 μL of ovomucin antibody (1:10,000) was added to each well and the plates were incubated for 90 min at 37
• C. Then washing with PBS for 3 times, 100 μL HRP-labeled Goat Anti-Mouse IgG was added to each well and the plates were incubated for another 90 min at 37
• C, and then 100 μL TMB Color liquid was added to each well and the plates were incubated for 10 min at 37
• C. At last, 50 μL H 2 SO 4 (2 mol/L) was added to each well to stop the reaction. Each experiment was done in triplicate, and values were expressed in mean ± SD (n = 3).
Data Analysis
Data were expressed as the average mean ± standard deviation. Use SPSS software to make descriptive statistics, analysis of variance (two way ANOVA) and exponential regression analysis.
RESULTS AND DISCUSSION
Presence of Ovomucin is Crucial for Keeping the Viscoelasticity of Albumen
Albumen is a colloid in which water acts as a medium while proteins as dispersed phase, and has a natural gel state. Dynamic rheological technology was used to analyze the viscoelastic of albumen and the ovomucin free albumen; results were illustrated in Figure 1 . The fresh egg white being diluted with 3 time volumes of NaCl (0.1 mol/L) was marked as albumen. The albumen solution was then centrifuged at 15,000g for 15 min, and the supernatant was marked as ovomucin-depleted albumen. The precipitated section named ovomucin was then dispersed in 0.1 mol/L NaCl to a final concentration of 1% (w/w). It is obvious that the viscous modulus (G") and elastic modulus (G') both decreased significantly in the ovomucin-free albumen compared to that of whole albumen (Figure 1 ). This finding reveals that ovomucin plays an important role in maintaining the viscoelastic of albumen, which is consistent with the reported conclusion in the literature that ovomucin played a key role in maintaining the gel structure of albumen (Offengenden and Wu, 2013) . Thinning of albumen (or egg white), causing the decrease of viscosity and gel hardness of natural albumen, is one of the most important contributors to egg quality. Therefore, some researchers tried to evaluate the egg freshness using the viscosity of albumen as an indicator (Kemps et al., 2010) . However, as can be seen from Figure 2 , different shear rates lead to a big difference in viscosity, even for the same sample. Therefore, the absolute value of the albumen viscosity cannot accurately reflect egg freshness when the shear rate or the treatment is inconsistent with each other. Moreover, although intact albumen appears to be homogeneous, it displays heterogeneous rheological properties (Kumbár et al., 2015a,b) . But no matter how the shear rate changes, it is true that the apparent viscoelastic of albumen decreases while the storage time was prolonged ( Figure 2 ). Since ovomucin in albumen is critical for maintaining the viscoelastic of albumen, clarifying the dynamic transformation of ovomucin during storage is important for understanding the mechanism of egg quality deterioration.
Ovomucin Content is Significantly in Correlation with the Viscoelastic Properties of Albumen During Storage
The ovomucin content of albumen during storage at 4
• C, 25
• C, and 37 • C were analyzed using ELISA method. Data in Figure 3 showed that ovomucin content decreased significantly with prolonged storage time under different storage conditions. High temperature can accelerate the conversion of ovomucin. For example, it is evident that the conversion rate at 37
• C storage conditions is higher than that at 25
• C storage conditions. The initial ovomucin average content in the sample is 450.47 mg/100 g albumen (0.45%, w/w). When the fresh eggs were stored at 37
• C, the ovomcin content fell to 300.67 mg/100 g albumen (0.30%, w/w) after 6 d, and decreased to 180.56 mg/100 g albumen (0.18%, w/w) after 15 d, then the yolk broke down and the content cannot be measured. While at 25
• C storage, the ovomucin content in albumen decreased to 186.34 mg/100 g albumen (0.19%, w / w) after 30 d. It is noteworthy that the R 2 for exponential fit between ovomucin content and storage time are 0.9837 (P < 0.05), 0.9878 (P < 0.01), 0.9821 (P < 0.05) at 4
• C, and 37
• C, respectively, proving that there is a significant correlation between ovomucin content and storage time.
At the same time, the natural viscoelastic of albumen were measured using the rheology technology at the same storage conditions, and the elastic modulus (G') and viscous modulus (G") was selected to characterize the viscoelastic property. It can be seen from Figure 4 that the G' is higher than G" in fresh albumen, which revealed that albumen exhibits elastic characteristics, reflecting the characteristics of the natural gel property of albumen. But with the extension of storage time, both G' and G" decreased. There was a sudden drop in the G' and G" during the first 6 d at 37
• C and the first 10 d at 25
• C. In these occasions, both G' and G" decreased by 2 orders of magnitude. In a constant scanning frequency of 1 rad/s, the elastic modulus of the albumen (G') decreased from 1,468 Pa to 10.979 Pa and the viscous modulus (G") decreased from 304.4 Pa to 3.432 Pa under the storage of 37
• C after 6 d. After 15 d, there was almost no change in the viscoelastic of albumen, and there was not a significant difference between G' and G", either. These phenomena indicated that the gel of albumen had disappeared, and the corresponding ovomucin content also declined from the original 450 mg/100 g albumen to 187.35 mg/100 g albumen as can be seen from Figure 3 . The same remarkable feature can be obtained from the other 2 groups storage at 25
• C and 4
• C (Figures 3 and 4) , which meets with a basic feature of fresh index. In addition, ovomucin in albumen conversed irreversibly during storage and the conversion rate is affected only by the storage temperature, so the ovomucin content in albumen can be considered as an indicator of egg freshness.
Ovomucin Content has Satisfactory Correlation with other Egg Freshness Indicators During Storage
Since some indicators, such as HU, albumen pH, and yolk index, are usually used as the shell egg freshness Table 1 ).
index at present (Silversides and Budgell, 2004) , the correlation analysis between ovomucin content and these evaluation indicators in 3 groups was conducted to evaluate the feasibility of using ovomucin as a novel evaluation index for egg freshness. Ovomucin content as well as HU, yolk index, and albumen pH of 168 fresh eggs with different storage conditions were detected, the fit curve (using exponential equation y = ae −x/b + C) and the correlation coefficient analysis between the ovomucin content and the 3 commonly used freshness evaluation indexes are illustrated and summarized in Figure  5 and Table 1 .
Results as illustrated in Figure 5 showed that ovomucin content had significantly correlation with other 3 common freshness indexes (P < 0.01). Specifically, it is obvious in Table 1 that there is a highly significant positive correlation between ovomucin content and HU (R = 0.989 at 25
• C, R = 0.949 at 4
• C, P ≤ 0.01) as well as yolk index (R = 0.9438 at 25
• C, r 2 = 9735 at 4 • C, P ≤ 0.01) under different storage temperature. While there is a highly significant negative correlation between ovomucin content and albumen pH (R = -0.9010 at 25
• C, R = -0.9687 at 4
• C, P < 0.01). Results shown in Table 1 also evidenced that there was significant correlation between the yolk index, HU, ovomucin content, and storage time. It is noteworthy that the correlation between ovomucin content and storage time was more significant (R = -0.9822 at 37
• C, R = -0.9855 at 25
• C, R = -0.9740 at 4
• C, P < 0.001) than that of albumen pH value, yolk index, and storage time. These results and analysis proved that ovomucin content has satisfactory correlation with most commonly used egg freshness indexes currently, demonstrating that ovomucin content in albumen can be used as a new indicator to evaluate the commercial shell egg freshness.
Establishment of Prediction Models to Evaluate the Equivalent Egg Age Using Ovomucin Content as the Variable
Egg is one of the most important sources of cheap, high-quality proteins, so the freshness and quality of eggs is particularly important for consumer safety. However, egg age (storage days of eggs after delivery) cannot accurately reflect the true freshness of eggs under different storage conditions (Huang et al., 2012) . The egg age at different conditions can be estimated by equivalent egg age. The above correlation analysis showed an extremely significant correlation between ovomucin content and storage time at different temperatures (P ≤ 0.001, as shown in Table 1 ). In most conditions, eggs often circulate in cold chains, and 4
• C is usually used as a reference temperature for fresh eggs during storage. But most of the eggs sold in the Chinese market are circulated under natural conditions due to the consumer habits and historical reasons. So, the experimental design of group 2 (at 25
• C) and group 3 at (4 • C) were chosen to establish an equivalent egg age prediction model in this study. The equivalent egg age was fitted with an exponential equation y = ae −x/b + C using ovomucin content as a variable. The fitting results are illustrated and summarized in Figure 6 and Table 2 .
It can be observed from the data in Figure 6 and Table 2 that the R 2 of the prediction model established at 25
• C was 0.9588 and 0.984, respectively. ANOVA analysis result showed that both of the P values were less than 0.01 and tolerance criterion was satisfied. Therefore, we can conclude from the above analysis that ovomucin content can be converted to an equivalent egg age to evaluate the freshness of shell eggs during storage. 
CONCLUSION
Based on the analysis of the relationship between ovomucin and the viscoelastic of albumen, we studied the correlation between ovomucin and some commonly used indicators of shell egg freshness like HU, yolk index, and albumen pH during storage. The results showed that ovomucin plays an important role in maintaining the viscoelastic of albumen, and the transformation kinetics of ovomucin showed that there is high correlation (P < 0.01) between ovomucin content and storage time at the test temperature. There is a high positive correlation between ovomucin and some indicators such as the HU and the yolk index; how- Table 2 . Prediction model of equivalent egg age at 25
• C. "y" represents the storage time (d), and "x" is ovomucin content (mg/100 g).
ever, there is a negative correlation between ovomucin and albumen pH value. Ovomucin content can be converted to an equivalent egg age according to the regression model: y = 58.02e • C), which can be used to evaluate the freshness of shell eggs during storage. The results can provide a theoretical basis and technical basis for the storing and the fresh evaluation of eggs, and it will help to explain the impact of the conversion or the degradation of protein on egg quality.
